Instrumentation

2nd Latin American School of High Energy Physics
San Miguel Regla, Mexico, June 1-14, 2003
Jiirgen Engelfried!
Instituto de Fisica, Universidad Autonoma de San Luis Potosi, Mexico

Outline

three 7omin classes, roughly separated in:

Physics of Particle Detection
e Basic Designs of Detectors, with real examples from real experiments
e Special Example: Particle Identification

Please ask questions, be active, do not just consume!

LjurgenQifisica.uaslp.mx, http://www.ifisica.uaslp.mx/~ jurgen



Introduction

e Detection and Identification of Particles and Nuclei important in
— high-energy physics
— cosmic ray physics

— nuclear physics

Basic Idea
Every effect of particles or radiation can be used as a working principle for a detector

Main Purpose of particle detectors:
Detection and identification of particles with mass m and charge z
In particle physics: Usually z = 0, 41, but not in nuclear, heavy ion physics, or cosmic rays
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Examples

e Charged particle (charge z) deflected in magnetic
field — momentum p

p_ ym/fc
z z

P X

e Time of flight determines particle velocity

v 1
T

e Cherenkov angle determines particle velocity
1
=3

e Calorimeter measurement provides energy mea-

Oc

surement
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e Charge measurement: Ionization Energy loss

dE 22

dr = 32 In(aB7y)

e With all the information together one can deter-
mine the quadri-vector of the particle.

e Basic detection techniques work mostly for charged
particles only.

e Neutral particles usually detected “indirectly” via
production of charged particles.
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Introduction (cont.)

Design of Instrumentation and Detectors requires knowledge of

e Basic physics for interaction of charged and neutral particles with matter

e Mechanical Engineering

e Electrical Engineering (high voltage)

e Flectronic Engineering

e Interfaces to Trigger, Data Acquisition and Computing (Lecture by Nick Elis)

e Software Engineering (calibration)

e Operation (stability)

e To know any one of them is not sufficient

e You have to apply all together to build, operate and use an instrument for your physics mea-

surement

e Always keep in mind what you want to measure, and what precision (resolution) you

need
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Recommended Literature

e Claus Grupen: Particle Detectors. Cambridge University Press, 2000.
The best book I know about detectors.

e Konrad Kleinknecht: Detectors for particle radiation. Cambridge University Press, 2nd edition 1998.

Also a good book.

e Richard C. Fernow: Introduction to experimental Particle Physics. Cambridge University Press, 1986.

e Richard Wigmans: Calorimetry. Oxford Science Publishing, 2000.
THE book about calorimeters. Written by the expert with all details.

e Lecture notes and Proceedings of ICFA Instrumentation Schools (since 1987 every two years).

e Particle Data Book. short summaries of important things.
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Outline of first part of lecture

e Introduction, Kinematics

e Interaction of Charged Particles

— Jonization, scintillation, Cherenkov and Transition Radiation

— Bremsstrahlung and nuclear interactions

e Interaction of Neutral Particles

— photons: photoelectric effect, Compton scattering, pair production

— neutrons

— neutrinos

e Flectromagnetic Showers

e Hadron Showers

Instrumentation
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Charged Particles — Kinematics

e Conservation of Momentum and Energy: e Scattering angle (on nucleus Z,
Max. Energy for particle with mass m, impact parameter b)
velocity v = (¢, collision with electron: o 92 . 7.2 1
[pmax 2m6625272 2m€p2 a Beb | 5
kin — 2= 5 9 9
me me m=+mz: +2m.L/c
L 20 + (m) / e Cross Section (Rutherford):
e Limits: do z2Z2r§ (mec)2 1
— Low energy, heavier than electron s 4 Bp ) sin'©/2
(27 <1, m>m,) e Multiple Scattering
By = 2mec*fhy° 13.6 MV r
‘ <62> - @plane = 6 ¢ A ; {1 + 0.038 In (Xi)}
— relativistic (B, ~ F, pc ~ E): P 0 0
E2 ®Space — \/ﬁ@plane
BT = E +m2c¢2/2m, Approximation by Gaussian:
— Electron — Electron Collisions (m = m.): P(©)dO = 1 exp {_ (22 } 1O
p2 E2 . mQC4 V 27T@plane 2@plane
Ear = ‘= E-m.’

me + E/c? - E 4+ m.c?
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Energy Loss of Charged Particles

e Interaction via exchange of Photons (electromagnetic interaction)
e Virtual Photons: Absorbed by atoms in material — Ionization, Excitation
e Real Photons: Radiation is emitted by a charge particle if:

1. v > ¢/n: Cherenkov radiation
2. U/cpn = U - n/c changes
(a) |U] changes: Bremsstrahlung
(b) direction of ¥ changes: Synchrotron radiation

(¢) n changes: Transition Radiation
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Ionization Energy Loss (Bethe-Bloch formula)

Derivation from Claus Grupen

27 eMeC .
Pp="" 3 2z Momentum transfer per target electron b: impact parameter
Energy transfer (classical approximation)
2 2r2mec?
€ — Pp _ 4Tellle 22

C 2m. b2
Interaction rate per (g/cm?), atomic cross section o

N
%] = =A olem?/atom] N4 Avogadro’s number, A atomic mass

Dlgem Y

N
O(€) de = jm db 7

2wbdb area of annulus Z  Number of electrons per atom
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Bethe-Bloch (cont.)

2rgm602 o1

2
e =¢(b) = b = 2 e
Ny 2rimec® o de
P(e) de = A ez ZZ€—2

energy loss
Ny

O O
—dE = | $(e)edr = | —2nbdbZ edx
0 0 A
dl;  2wN,y _ o 7 N 4 2rimec? 5 00 db
— = Z | ebdb=2 —
w- oA 2 A2 C

Problem: Integral is divergent at b — 0 and b — oc
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Bethe-Bloch (cont.)

h h

2p B 2ymefSe
half the de Broglie wavelength

b— 07 assume by, =

b — oo? if revolution time 7p of electron in target atom is
R g
smaller than interaction time 7; target looks neutral

b
T, = Izax\/l——ﬁQ Lorentz contraction

1 h

T — _ —
R, Z 1
mean excitation energy [ ~ 10eV - Z

hBc
TZ':TR :>bmaX:/yI
dE 7 N g 2rimec? 292 3°mec?
= 27 AT eMeC 2[In VOmee” n] n: screening effect

dr A 32 I
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Bethe-Bloch (cont.)

Exact treatment: Bethe-Bloch formula (summary in PDG)

dE ZNg2rimec® 51 2 232 5
dx A 15 2 I?
density correction 5
hw 1
=ln—2L+Infy—-
p T ndy =
Me ¢

hwy = MWNJ% plasma energy

N¢ electron density of absorbing material
a fine structure constant
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Bethe-Bloch (cont.)

Example: e Minimum at 3 < v <4

Energy loss of muons in iron .. L :
e Minimum ionizing particles:

- helium: —dE/dz = 1.94MeV/(g/cm?)

105 oy rrmm LILILLLLLL LI LLLLL o rrrrrn IE - uranium: _dE/dx — 1.08 Mev/(g/cm2)
8;: : — hydrogen: exceptionally large (Z/A = 1)
N'; 6;: _ e In~ term: relativistic (logarithmic) rise
‘T: - E e Fermi-Plateau due to density effect
g 3;_ E e in gases: Plateau =~ 60 % higher as min. ion.
g 2:_ \‘/Fe/"—:
LU i i
? [ ]
1 i 11 ||||||I 1 1 ||||||| 1 1 ||||||| 1 1 ||||||| 1 1 ||||:
0.1 1.0 10 100 1000 10000
| prepc | |

0.01 0.1 1.0 10 100 1000
Muon momentum [GeV/c]
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Energy Loss in (Gases

T T T T T T T T

32 L L 4| T T T

28 :

24—

o ..n. :~.-E;;»\. N

LAl o a

dE/dx (keV/cm)
- ()
» (@]

RN
N

L1 11 | 1 1 1 L1 111 | 1 1 1
8 0.1 1 10
Momentum (GeV/c)

PEP4/9-TPC (185 dE/dx measurements, Ar:CHy at 8.5 atm)
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Energy Loss for Heavy Ions

Cosmic Radiation in Nuclear Emulsions — (dE/dz o« z?)

G.D. Rochester, Advancement in Science, Dec. 1970, pp. 183-194
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Energy Loss in Optical Micro-dosimeter

5 MeV proton 19 MeV o

aE,  dE
dr ' dx P
dE 5

— X Z

dx

note increase of ionization at end of track, also the d-rays

U. Titt et al., Nucl. Instr. Meth. A416 (1998) 85
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Energy Loss in (Gas

a particles in CFy4 based gas mixture, recorded via scintillation in double-gem micro-strip gas chamber

F.A. Fraga et al., Proceedings of Nucl. Sci. Symp. and Medical Imaging Conference, Seattle, Oct. 199
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Application: Bragg Peak

Medical Applications

T T T T T article physes research |
tersBiced Tor
gl | 90 Mevin . i Scan), Magn@tk Resonar
C (MRIY Positron E
= 195 MeV/n - (PET scar
) | ..
@ FWHM
~ 0-7mm 270 MeV/n
8 s5F .
[}
S i 2 3mm 330 MeV/n ]
)
= 5mm
© s 5.5mm 4
o
2r .
1 =] —e .
1 1
5 10 15 20 25

depth HZO [cm]

2C jons in water. Treatment of deep-seated tumors.

Proton Cancer Therapy

G. Kraft, Nucl. Phys. A 654 (1999) 1058¢c
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Landau Distribution

— 1 m
e Bethe-Bloch describes mean energy loss 2 o 2 Gev dectrons
o 400 |-
L , S
e Energy loss is distributes asymmetrically a0
% i Landau distributed \
e approximated by 300 -} o
20 ||

I 1
QA = —=e 30+ d
200 |

dE dE\m.p. L
\ — (%) — (&)™ 150 |- |
0.123keV |
(ffi_i?)m-p most probable energy loss 10 :
50 ||
e important in gases, thin absorbers |
o bl
e Argon, 57 = 4: ’ ' 2 energgyloss[4keV/cm ]5
(LEymp = 1 2keV/em; (2E) = 2.69keV/cm
e For Particle Identification: Electrons in Ar:CH, (80:20)

— Measure often (typ. 160) to get distribution

— Use “Truncated Mean”

K. Afforlderbach et al., Nucl. Instr. Meth. A410 (1998) 166
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Particle Identification via dF/dx
hgg AR AR AR RAR *gi ] ; AARSERAS ARRSN RARAY
- . 1t RETE)] g'"
2 169 1E0 =
e g o0 :
e 12560 |- ;
o 10000 E-
. 7500 E-
'E 103? ¢ T E
5 " 2508 E- i ]
B = PR R R NN AR
] K 6 i é ¥ 40
107 P _
10 ¢ E
}. 3 : e
:Ilar1|l|3§||.|: HE!JL;"H[ j!l ||f|llit!1|illwllli‘ll:

{ Y 10 i3 20 25 30 35 40 45 M
dE/dx | keViem |

Momentum interval 0.45GeV /¢ — 0.48 GeV /¢

OPAL Collaboration, CERN-PPE-94-49
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Scintillation

effect of the lattice
electron-hole pair creation, excitons

inorganic crystals o ,
de-excitation at activator centers

Nal(TT); CsI(TI); BaFy; BGO; . ..

three components

primary scintillator: antracene Ci4H;;
organic liquids or plastic naphthalene CioHg; . ..
wavelength shifter: POPOP*: BBO™: . ..

base material: mineral oil; PMMA™: ...

energy loss by excitation

gases recombination
Xe, Kr, Ar, Ny . ..

x  CgyH16N2Og:  1.4-Bis-[2-(5-phenyloxazolyl)]-benzene
# Cy7H1gNO:  2.5-di-(4-biphenyl)-oxazole
+ C5HgOs: polymethylmetacralate
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Organic Plastic Scintillator

Non-Linear light yield to Energy Loss:
dE/dx
1+ kp- (dE/dx)

kp ~ 0.01 g/MeV cm? Birk’s density Parameter
Recently better approximation, by A. Menchaca et al.

N = N,

Typically 100eV energy loss for one photon
wavelength shifting necessary to avoid self-absorption
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Cherenkov Radiation

A charged particle with a velocity v larger than the velocity of light in a medium emits light
(Pavel A. Cherenkov, Ilja M. Frank, Igor Y. Tamm, Nobel Price 1958)

res 1
Threshold: Bihres = Yth > = Vihres = +
c n n-—1
1 1
Angle of emission: cosl, = —=—
Bn  on
1
0% = arccos — Water: 6% = 42° Neon (latm): 6 = 11 mrad
n
d’N oz’ 1 az’ |,
Number of photons: Al = he (1 — (ﬁn)2) = sin“ 6,
d°N  2raz®
e o
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Water Cherenkov

GTID: 56981
EvtNum: 57071

Run Num: 3510

Date: 05/16/1999

Time: 06:19:22.1867771
Trigger:  20,100H,100M,100

Projection Move View Hits

GTID: 58982
Evt Num: 57072
Run Num: 3510

Date: o5/1a/1998
Time: 08:19:22.1867780
Trigger:  100H,100M,100L

neutrino induced muon (top) and electron (bottom)

neutrino induced muon in SuperKamiokande in SNO
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Auger Experiment: Water Cherenkov’s

High-Energy Cosmic Rays

Fermilab scientists participate in the Pieme
Auger Observatory Project which will shudy
the partiches striking the sarth fmm space
at energies ta greater than ang #o ]
can achisve. These cosmmic HH
measyred with an array of 1 i
such 36 The one pictused,
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A. Satpathy et al., BELLE Collaboration, hep-ex/9903045
2nd Latin American School of High Energy Physics
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Threshold Cherenkov Detectors

Aerogel
n=1.015
35GeVic p
/ 3.5 GeVic =n—

0 200 400 600 800
Pulse Height [ arbitrary units ]

1000

Aerogel: n = 1.015 = Yipres = .84
3.5GeV/c= v, =242, ~,=2.86

To identify more than 2 particles and/or to cover
wider momentum range: Several counters at different

thresholds
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J. Engelfried et al., Nucl. and Instr. and Methods A 502 (2003) 62-65
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Transition Radiation Detectors (TRD)

Transition Radiation: Reformation of particle field while traveling from
medium with € = €7 to medium with € = €.

Energy of radiation emitted at a single interface

_ahZ® (W — wy)?

S —

3 w1 + Wy

a = 1/137, wi, wo plasma frequencies, v = E/mc*.
Typical values: Air wy = 0.7eV, polypropylene wy = 20 eV

Spectral and angular dependence of Transition Radiation:

& 2 9 9 ’
dddw  mc \y 2+ 92+ wi/w? 2492 + Wi w?

— Most of radiation in cone with half angle 1/+: forward in particle direction.
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e Large photon energies w > yws =~ 20 — 30 KeV:
large drop of intensity oc v*/w?

e Medium energies yw; < w < Yws:
Logarithmic decrease with w

e Small energies w < yw; =~ 1 KeV:
intensity almost constant

Probability to emit a KeV photon: ~ 1072 = Need
a lot of interfaces: stack of radiator foils.
Consequences:

e Need minimum foil thickness so particle field reaches
new equilibrium

e Transition w; — wy and wy — w; equal =
Interference effects (min and max in fig)

e Equally spaced foils: Interference between
amplitude of different foils

e Finite thickness of foils: re-absorption of
radiation (o< Z°): Low Z materials.

Typical values used in TRDs:
Thickness: 30 pm, distance: 300 pm,

materials: mylar, CHs, carbon fibers, lithium.
hool of High Energy Physics Jirgen@SanMiguelRegla 1-14Jun03. 29




Detection of Transition Radiation

X-rays emitted under small angle to particle track
— X-ray detector sees X-rays and particle dE'/dz together.
Typical dF /dx in gas detectors: some KeV/cm and Landau distributed
— Signals from dF /dz and X-ray similar

Detector: Use “thin” MWPC, with Xenon or Krypton, several (10) radiator / chamber units to beat
Landau

Radiator

Chamber (TEC)

T Nl\nmzs Ne
i RADIATOR | 2
A S s 90 % Xe
| w: 200 FOILS |- ‘ T T YT
. TOTAL o g
i TR-2-ray A : E mm
R o - . IZ-T»"'"# - WIRE SPACING
i POLYPROPYLENE <
; nﬁﬁﬂ b %_ssusa WIRES
[ o by L1t carnone
800 He PLANE
”ﬂm&n“,,, Fig4.Schmticofandhtor-chmbormoduhthinS‘h°
—— final design parameters discussed in the text.

Two identification methods: Charge integration, Cluster counting
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T L T T 1
V\x 1S GeV
dNéN‘,_ -
b . -
i |
3 6 o A¥ 5 40 1%

d\ﬂt,& R [&eV] Nuber of cluslers N

W Li-foils as radiator

Fabjan et al. 1980

40
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Bremsstrahlung

_szf — 4aNAi222 (773;]2 E 11121?%?3
_Cfif — )l(?o PDG: X = 207 + I;?HZL(%?/ﬁ) [g/em”
Cflf x FE =  Critical Energy C;i ion — Ccllf‘brems
. 62131}%}( for solids and liquids

L=
. 7219})48;/ for gases
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Bremsstrahlung (cont.)

Material ~ Xp[g/em?]  Xg[em] &t [MeV]

alr 37 30000 84

1ron 13.9 1.76 22

lead 0.4 0.56 7.3
dFE 1

— X 9 = Electron Bremsstrahlung dominates
T

Il crit
crit — Mme

= Muon Calorimetry at TeV Energies

2
But: Muons in iron: E* €. (mu) = 960 GeV

Bremsstrahlung important for electromagnetic cascades (Calorimetry)
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Direct Electron Pair Production

in Coulomb field of Nucleus via virtual photons

dE

7 pair x E for large E
x

dE
———— =a(E)+b(E)E
= aB) 0B
a(E) — lonization energy loss
b(E) - bbrems(E) + bpair(E) + bnucl.int.(E)

Range of muons

dE 1 b
R=| —=—In(l+—-F

| Zagjas oy MU B
140m rock for F = 100 GeV

R =1{800m rock for £ =1TeV
2300m rock for £ = 10TeV

\O

1000 T T
muons in rock
100 =
)
:.3 10:—
S C
(O]
=,
I.IJ|><
OTIT
ionization
1 =
01 1 IIIIllI| 1 11111 L1l 5
10 10

muon energy [GeV]

Energy loss of muons in Rock
(Z =11, A=22; p=3g/cm”)
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Nuclear Interactions

Important for the detection of neutral particles
Otot = D0mbarn oy <X A% a=0.71

A
NUC1ear InteraCtion 1ength AI - s T T T AL LRI UL AL T T T T T
Na p oot AR o e S —— — . —
Nuclear Absorption length M\, = ——— £
N4 pOinel £
for mOSt material AI’ Aa > XO " I I 1 I \10\ TTTTT i I I \10\ TTTTT i I I \10\ TTTTT i I I \10\ TTTTT i I T
Al Fe Pb air 19 2 10 107 10° 10°

Center of mass energy (GeV)

Arfem] 262 10.6 104 48000
Ar[g/em] 70.6 82.8 1162 62.0

Multiplicity grows logarithmically with £,
Average pr = 350 MeV /¢
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Outline of first part of lecture

e Introduction, Kinematics

e Interaction of Charged Particles

— Jonization, scintillation, Cherenkov and Transition Radiation

— Bremsstrahlung and nuclear interactions

e Interaction of Neutral Particles

— photons: photoelectric effect, Compton scattering, pair production

— neutrons

— neutrinos

e Flectromagnetic Showers

e Hadron Showers

Instrumentation
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Interactions of Photons — Introduction

Photons are attenuated in matter.

[ =1Iype ™

1t Mass Attenuation Coefficient

1 = 1: Photoelectric Effect
0; = 11 = 2: Compton Scattering
1 = 3: Pair Production

Instrumentation 2nd Latin American School of High Energy Physics Jirgen@SanMiguelRegla 1-14Jun03. 37



Photoelectric Effect

v 4+ atom — atom ™ + e~ predominantly in K-shell

Complicated energy and Z dependence

K 22 4 s 2
Ophoto — 7 o Z° 0Thomson [cm”/atom]
E 8
€ 72 OThomson = 57 Tg = 665 mbarn

MeC

For high energies:

1
Jﬁ;oto =X% Tg AT S ;
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Compton Scattering

7-|—6H7/-|—6/

In
at high energies: oo 1z
€

&

’ 1
e
Ey 1+ ¢l —cosby)

92
By (0 =m) = 1 +€2€ mec®  for e > 1 Byt (0 =) — Ex
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Pair Production

v + nucleus — nucleus’ +e* + e~

threshold energy:
2Mm.cC
mtarget

2
{ ~ 2m,.c? on a nucleus

E, > 2m.c* +
= ‘ 4me.c® on an electron

Cross section for £, > 20 MeV

7. 183 1
_ 2 r72
O pair 4o r. Z <§ In ﬁ — 5—4) [Cm /atom]
7TA 1
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Mass

Attenuation Coefficients (u)

1000

1000 500
Ge
500
Si :
100+
FIE 100+ 'g 501
2 50 2
%) 0
E E
i g
8 o 10
I
S 5 Q
&}
2 z
E ] Q
N I;: 1 TOTAL
Z b S COMPTON
i Z 0.5l
E 0.57 g
o < |
< 1 04
n < PHOTOELECTRIC
S w 0.
- 0.1 =z
PHOTOELECTRIC ~ 0.051 PAIR PRODUCTION
0.05
PAIR PRODUCTIOI\/
0.01 —_\ ‘ 0.01 —— A/
0.01 0.05 0.1 05 1 5 10 0.01 0.05 0.1 05 1 5 10
ENERGY [MeV] ENERGY [MeV]
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LINEAR ATTENUATION COEFFICIENTS (cm-1)

COMPTON

0.1
0.051

PHOTOELECTRIC

PAIR PRODUCTION

Pb

0.02
0.01

00501 05 1

ENERGY [MeV]

Harshaw Chemical Company 1969
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Interaction of Neutrons

indirect technique: neutrons interact and produce charged particles

e Low Energies (< 20 MeV):
n+%Li — a+*H = Lil(Tl) scintillators
n+Y9B — a+Li = BF; gas counters
n+3He — p+3H = 3He-illed proportional counters
n+p—n-+p = proportional chambers with for example CHy

e High Energies (F > 1GeV)
n +2%U — fission products = coated proportional counters
n + nucleus — hadron cascade = calorimeters

Instrumentation 2nd Latin American School of High Energy Physics
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Interactions of Neutrinos

Ve+n — p+e Ve+p — n+e’
Vy+n — p+u vy+p — n+pt
ve+n — p4+T1° vr+p — n+71"
' 4 —10 hp ’ —44 2
Small cross section: (MeV range): o(v.N) = — - 10 ()2 =1.6-10"" cm” for 0.5 MeV
T myC

for high Energies (GeV range):

o(v,N) = 0.67-107% E, cm*/(nucleon GeV)
o(v,N) = 0.34-107% E, cm?/(nucleon GeV)

e Indirect Measurement by missing momentum and missing energy technique

Instrumentation 2nd Latin American School of High Energy Physics Jiirgen@SanMiguelRegla 1-14Jun03. 43



+ hadron

v, + nucleon — e

Electromagnetic shower
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Electromagnetic Cascades (Showers)

Photon — Pair Production Electron / positron — Bremsstrahlung (Photon)

e Simple Model, measured in “steps” t (one conversion, related to Radiation length Xy):
Number of Particles: ~— N(t) = 2!

Energy of particles: E(t)=FEy-27"
Multiplication stops if ~E(t) < E. E.= Ey-2'ma  F, :a~ Pair production threshold

B hlEo/Ec

max =~ o X In By  position of shower maximum
n

Total number of shower particles:

bmax t | t FEy
S=3 N(t)=X2 =2mt —1x2. 20 =2 = o By
t=0 e
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Electromagnetic Showers (cont.)

Total track length (sampling step ¢, measures in units of Xj)

S Ey 1
S*:—: . — .« —
t E. t

o(Ey) VS* Vi Vi

Energy Resolution = =

x
Ey S* \2Ey/E. VEo

Realistic description of longitudinal shower development:

dE
~~ — const - t*- e

o (a,b — fit parameter)

Lateral spread, caused by multiple scattering:

21 MeV
E.

95 % of shower energy is contained in a cylinder of radius 2 R,

Moliere Radius R, = Xo[g/cm”]

Fe: 14g/em®£1.8cm

for homogeneous calorimeters: R,, =
° " {Pb: 18g/cm”* £ 1.6 cm
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G.D. Rochester, K.E Turvey, Contemp. Phys. 22 (1981) 425
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Air shower experiment

Multiplate Cloud Chamber below |

3 m of concrete

Electromagnetic showers initiated by
muon Bremsstrahlung
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Hadron Showers

Longitudinal development: governed by nuclear interaction length A;
Lateral development: transverse momentum pp of particles

since A\; > Xg and (pr) > (pg)mult scatt.

= hadron showers are wider and longer than electromagnetic showers

charged particles (u’s are lost)

electromagnetic showers via " (e, v; contained)
Hadron Energy = L .
nuclear binding energy (can be partially recovered)

nuclear fragments (partially lost)

= Visible energy systematically lower

= Due to fluctuations in energy losses Energy resolution is worse than for electromagnetic calorimeters

Problem of compensation: different response to electrons and hadrons. Need to balance to e/m = 1
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50

100

number of shower particles

pions in iron i

140 GeV

0 50 100 150

shower depth [cm]

M. Holder et al., Nucl. Instr. Meth. 151 (1978) 69
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Extensive Air Showers, 10 eV

J. Knapp, D. Heck, (1998)
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Drift and Diffusion in Gases

e Flectrons and Ions lose Energy by multiple colli-
sions: — Thermalization

e lonization diffuses (Gaussian) Width o< \Kt)

e With electric field:
Drift with constant velocity vqig
In argon-isobutane: Typical v§S™® ~ 5 cm/ psec
Longitudinal and transverse diffusion different

(o =o(E))
® vy < 1/m: Tons > 103 times slower!

e With additional magnetic field:
drift under angle (Lorentz force)

v-lcm/ps]
O = N W U 1o 0D
¥ 1

drift velocity

-

ke bt wtud S uien MU SRS MO A B

pure Argon~

0

0.1

02 03 04 05 06
reduced electric field strength E,p [Vicm-mm Hg]

Instrumentation

i"’L ok Ar + Isobutane i

E —— 38%

< 7

> %

> L 2 1

Z 135%

§ 7% 1

g 7 i

E‘é 0 1 1 1 1 1 | 1 1 1 i 1 |
0 400 800 1200 1600 2000 2400

electric field strength E[V/cm] at 1atm
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Outline of first part of lecture (reminder)

e Introduction
e Interaction of Charged Particles

— Jonization, scintillation, Cherenkov and Transition Radiation

— Bremsstrahlung and nuclear interactions
e Interaction of Neutral Particles

— photons: photoelectric effect, Compton scattering, pair production
— neutrons

— neutrinos
e [lectromagnetic Showers

e Hadron Showers

End of First Part

Instrumentation 2nd Latin American School of High Energy Physics Jiurgen@SanMiguelRegla 1-14Jun03. 53



Second Part: Basic Design of Detectors

e Wire Chambers (in several incarnations): Position Measurement
e Calorimeters: Energy Measurement

e Particle Identification

Note: Not always possible to classify detectors into one single group. Overlaps are common.
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Ionization Chamber

X-axis
{ cathode _____C_UU
o simplest Gas Detector counting gas _gas-tight container
e Basically a Capacitor :gj::::::::;:;: AP B ;aoanrltzn'cnlg
X0
e Also possible with liquids and solids ' e ‘ 5 signal
anode R ]

e lonization (electrons and ions) drift to anode and
cathode

amplifier

A—{>—

If time constant of RC' is large enough: Inte-
grated signal o< lonization loss

cathode
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Proportional Counters

e Like lonization chamber, but smaller wire and /or

high It
1igher voltage O electron

e Charge multiplication close to wire (E o 1/7)

gas ions

e Electrons gain enough energy between collisions

.é.. Q_ /elec’rron avalanche

ﬁmu\ i\

I EE N TN

to ionize themselves.

secondary electrons

anode wire

e Proportional: Gas amplification constant
— Signal o primary ionization

Instrumentation 2nd Latin American School of High Energy Physics Jiurgen@SanMiguelRegla 1-14Jun03. 56



' >
Z 7 preamplifier
insulator L Retarge o
OUU
rotheds i{)nizafion- oscilloscope

clusters C a n'\.&lifier

anode ]y :

1 ——{ > l—WWWV—f
~lcm U

R..
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Geiger-Miiller Counter

e ven higher voltage
e Copious production of photons in avalanche

e Photons make more ionization by photoelectric
effect

e Also far away from original avalanche

e To stop discharge:

— Make charge resistor big enough so voltage Insulator

drops enough (quenching by resistor)

— Add alcohols (methylal, ethylaclohol) or hy-
drocarbons (methan, ethane, isobutane) to
counting gas (usually argon):

Absorb UV photons, reduce free path

Instrumentation 2nd Latin American School of High Energy Physics
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Instrumentation

Summary (as Multiplication

10 | I 1 ]
12 glow discharge

0 Geiger counter, -
§ 10 region of saturated! !
£10 - .__proportionality/; : 7
by recombination ' '
@ ,.8|/ ionization chamber! ) !
~ 10 / i ! ) =
2 1 [ i =
S | 'pt:)pa;h:nal :
.?_, 10 _: iC unte : _
g
S —
Y ! '
O ) }
Co20 i
% 10 _{, : -

t
2 No :
1 L1 | ] i
0 250 500 750 1000 1250

high voltage U [V]
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Multiwire Proportional Chambers

e George Charpak, beginning of 1960’s,
Nobel Price 1992

e Typical wire distance d: a few mm (> 0.8 mm)
e T'ypical wire diameter: 10 um — 30 um

e Sizes: up to square meters. Limited by wire ten-
sion and electrostatic repulsion.

e Electronic: Discriminator (threshold).

e Resolution: o(z) = d/+/12
e space information only in one dimension

e Rotate second identical module for other dimen-
sion

e Segmented cathode readout for other dimension

cathode

b e
da- / \

anode wires cathode

]
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Planar Drift Chambers

cathode

anode

“|"+
LI

Y

particle

e Heintze, Walenta, ~ 1968, also others.

e Make wires further apart

e use drift time to wire as additional information

e additional potential wire

e drift distances several cm

e resolution: limited by diffusion.

small chambers: o > 20 um

larger chambers a few 100 pym

Instrumentation
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Cylindrical Drift Chambers / Jet Chambers

particle track

anode wire

pofen‘rial wire field- shaping cathode strips

pofential wires
anode wires

xoXOX

X xX XX XX X
O x

x0X%0

P 5 o 30193
¥

S0 gE—
2nd Latin American School of High Energy Physics
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Time Projection Chamber

particle trajectory

g i

J!

readout plane

4
h——X
gas volume

central electrode (= -50 kV )

2nd Latin American

.
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drift region
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screening grid
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potential wires
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\ 4mm ,
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School of High Energy Physics
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Aleph TPC
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Solid State Tracking Detectors — Silicon

p-type

n-type

O 0000 © © ©
Q0D OO © O ©

ORONORONORORO
oNoNONCNORONG

NOK-ONONOJONONS

® ELECTRON

O HOLE

p-n junction (diode).

Instrumentation

PEOOOH O

2nd Latin American School of High Energy Physics

A

READOUT

N

A

A

Al
- - \‘\ - -
\ buried
. T p-type
| layer
\\ O
. e ©
Si (n-type) .\\ 0
o
F \

Silicon:

dE/dx ~ 3.8 MeV/cm, Band Gap 1.1eV

3.6 eV to produce one electron-hole pair
Typical thickness: 300 pym
Strip Distance: > 10 um

SiOo

\
+
n
\
\
\
\
\
\\
|

Bias Voltage
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Silicon Strip Detectors (cont.)

The real problem is the readout electronics. Need amplifiers etc every 10 pm!

ANALOG DIGITAL
Integrator Amplifier ~ Sample & Hold Buffer Comparator latch
Cint
1 /N
11
Ra Rb Re Ro Rd
Detector ¢ Csi ] > Hit
AN Rs g

Calibration In

Instrumentation

Cs
mi T .
Ccomp
< .

AV

Analog out

Example: SVX-I layout (for every strip!)
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SELEX Target region (1996). 75000 strips
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SELEX Beam Silicon (1996)
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WAS89 Target Region (1990)
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WAS9 Target Region (1990). Watch the cables!
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L

New Vertex Detector for CDF (or D0?7). 1 Million strips
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Other Silicon Detectors

e Double Sided Strip Detectors

— Has strip structure also on back side, under 90°

— Still no real 3d information

— used to minimize material (multiple scattering)

— more difficult to operate (noise)

e Silicon Drift

— Same idea as (wire) drift chamber: Use time information

— drift over several cm achieved (example: ALICE prototype)

e Silicon Pixel Detectors

— No strips, but (usually rectangular) pixels

— bonding for electronics very complicated, but doable (example: BTeV prototype)

— give real 3d information

— Usable for trigger

Instrumentation
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Photomultipliers

TPMHBO0342EC

100
f i vacuumtight ©
hotocathod J e?ggts:c:r;% dynodes /91355 tube ﬁ\\
photocathode ’// / "/’- e~ s
/ \ anode /'\o\ - / ‘,‘_.___\.\\\/
/ < / '/ \ \ ‘ ®
H>— 6 10 < l,,.‘ o / : \\_"
Z 2 Y
w ] “\ \
O ® ] PWO ““ .
EH L ﬂ‘l LSOY Csl (TI \‘\ ‘\‘\
m -
—D——-EE~LD—LD~L—D-‘|—D—‘LD——D—‘—-C}—‘- s Y
A voltage divider 4 E ELAS‘TI
-UO % 1
)
o
Conversion via photoelectric effect:
One photon to one electron, electrons multiplied 0.1

Typical efficiencies: up to 25% 0 100 200

WAVELENGTH (nm)
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Photomultipliers (cont.)

1

i o

: f&l ultiplier

Available from 3/8 inch diameters to ~ 40cm diameter,
Entrance windows on top (“head on”) or on sides (“side on”)
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Energy Measurement: Calorimeters

e Shower has to be absorbed totally. If not: reduced resolution due to fluctuations

e different optimization needed for electrons/photons and hadrons

e for electrons/photons: governed by Radiation Length X

e for hadrons: governed by Interaction Length A;

e for hadrons in addition: Need “compensation” due to electromagnetic part of shower.
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Electromagnetic Calorimeters

e Remember: relative Energy resolution is oc 1/ VE

e T'wo basic designs:

— Homogeneous calorimeter

— Sampling Calorimeter
(discussed in hadron calorimeters)

e Use of Crystals (Csl) or lead-glass, liquids
e segmentation: about Moliere Radius R,

e depth: Enough to contain shower.
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WARS89 Lead-Glass Calorimeter

642 Lead Glass Detectors
(75+75%36cm?) (T4 )Co)

Px 2 _
resolphion EE. = 6% , 0.5%
(=

. > il @j S, /
; ANV AV VL LN\ f ,
-"\\\\\\\\\\\\\\‘\\\\\‘

'A“\““““““““““

Beam Hole

A\ VAWM
\‘\\“‘\“‘\“‘\\

\ \
Hydraulic Support Rails

Lead— lass: Cherenkov light. Each block has one Photomultiplier attached.
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KTeV Csl Calorimeter

=
L]
¥
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L]
[ ]
-
-

3100 Csl crystals
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Sampling Calorimeters

SCINTILLATOR
a)

ABSORBER

e Problem: How to choose thicknesses?

ABSORBER SCINTILLATOR

WAVELENGTH SHIFTER

(fluorescent emission
at hyp > k1 )

e Problems to consider:

1. Inactive part absorbs some of the produced
shower particles, different for hadrons and elec-
trons

e Something “heavy”, inactive: 2. Some part of hadronic response is lost due to

. . neutron absorption
lead, uranium, iron (steel), ... P

o 3. ™ — ~~: All hadronic showers have electro-
* Something "light”, active: magnetic component, responses (physics ef-

plastic scintillator, wire chamber, liquid (ioniza- fects) are different.

tion chamber), ...
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Sampling Calorimeter Designs

e Electromagnetic part was understood and good simulation software available (EGS)

e In the 1980’s: First systematic studies for hadronic response

e First: Uranium / Scintillator. Very good resolution of first prototype.
e [dea was that fission gives back some of “lost” neutron energy:.

e Later: By accident the first prototype was “compensated”.
e mid-1980’s: Systematic studies hadronic shower profiles, absorptions, by Wigmans et al.

e Result: One can tune any material combination to give identical responses to electrons and hadrons
(“compensate”), due to different dependencies on Z of physics processes.

e Best resolution for hadrons only if calorimeter is compensated.
e Hadron resolution before: op/E = 100 %/vVE
e Best hadron resolution achieved (ZEUS, SPACAL): 30 — 35%/V'E
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Spaghetti Calorimter (SPACAL)

O O O OO0
O O O OO0 O0

ngo I IIIPIIN e
1.92mm sheet
- - LA A0

222mm  1.0mm

a)

b)

R.Wigmans, Colorimetry (Oxford Science, 2000)
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SPACAL Resolution

Energy (GeV) —>
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R.Wigmans, Colorimetry (Oxford Science, 2000)
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Some words about Electronics

DETECTOR BIAS

Ch DETECTOR BIAS SERIES AMPLIFIER +
RESISTOR RESISTOR PULSE SHAPER
PREAMPLIFIER PULSE SHAPER
Rs  éns

BIAS
RESISTOR P N A "na

| Ry | .

G R OUTPUT Gl = 'nb Ina
DETECTOR Cy ing

e Signals are fast = High Frequency, high bandwidth

e Signals are small = Noise is a problem

e Capacitance Oy is big, noise ~ C?

e Need to analyse all noise contributions carefully (shot noise (leakage current), thermal noise, 1/ f noise).
e Stray capacitances, stray inductances (printed circuits) are significant at high frequencies (> 100 MHz)

e Board layouts a sensitive to signal speed (~ 5cm/nsec)
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CRATESTUM
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Some words about Simulation

e Detectors are complex, complicated to build, expensive

e Within one sub-detector and different sub-detectors interferences (mostly destructive) possible

e LONG before building even prototypes simulation of part or full behavior and responses of sub-detectors

or full detectors necessary

e GEANT is the usual tool for simulations. Manual has 700 pages.

e GEANT is slow. Often necessary to parametrize detector response

Instrumentation
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Summary of Second Part: Basic design of detectors

e Gascous detectors (wire chambers)

e Silicon Microstrips

e Calorimeters

e Electronics (connection Trigger and DAQ lecture)

e Simulation
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Part 3: Particle Identification

e Identification of neutral particles

e Identification of charged particles

Neutral particles

e Measure total energy (Calorimeter)

e If no charged track points to signal in Calorimeter: It’s a neutral

e Usually not too many possibilities left.

Example: Hadron calorimeter, no track: most likely a neutron (or K9)

e Electromagnetic calorimeter, track, signal: Measure “E /p”.

E/p =1 for electrons, F/p < 1 for pions

e Long-lived neutral particles (Hyperons), short lived particles (charm, beauty):

Measure 4-vector of decay products and calculate invariant mass.

Instrumentation
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Identification of Charged Particles

What is Particle Identification?

Two major applications:

1. Beam Particle Identification (Fixed Target)

2. Identification of decay products

In both cases the momentum of the particle is known:
1. By beamline elements (only small momentum bin)

2. Measured by a magnetic spectrometer (wire chambers)

— Particle Identification reduces to measure the total Energy (calorimeter) or
using some velocity-dependent effect (Time of flight, dE /dx, Cherenkov, Transition radiation)
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DETECTOR LENGTH (m)
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Fig. 5.30. Length of detectors needed for separation of = and K mesons.

- T 1 Y 1 T T Y T T |
LENGTH FOR tt-K SEPARATION
TOF THRESHOLD | DISC
i CHERENKOV |
/
[
!
!
/
) TRANSITION
y RADIATION
V4
[ | i 1 1 i
01 1 10 10° 10° 10°

MOMENTUM (GeV/c)

2nd Latin American School of High Energy Physics

Jiurgen@SanMiguelRegla 1-14Jun03. 92



First some Physics Example...
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Reconstruction of Ag‘

e AT baryon consists of (udc) quarks

e Mass mg = 2.284.9 GeV/c* (remember: proton 0.938 GeV/c?)
e Lifetime: 7= 2.0 - 107 sec

e Decays to A, — pK 7t in 5.0% of the time.

e Only in 1 out of 1000 collisions a charm quark gets produced.

Special Theory of Relativity:

E =m-c
m = mg-7
1 E -3
’}/: p—
\/1—2’3 mo
P = M-vMmy-Y-C

Time dilation: t = tg- 7y
Mean flight path: L = c-7-7

—> A A with momentum 200 GeV /¢ flies on average 5.4 mm
—> Do a Fixed Target Experiment — But even there we cannot observe a A. directly
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What do we do?

e Measure type, direction, momentum, (the 4-vector) and charge of all decay products

e Apply momentum and energy conservation to "interesting” decay vertex and calculate energy and
momentum of hypothetical mother particle

e Transform into rest system of mother particle to obtain rest mass

e Do this for a lot of events, fill histogram with results

Measuring direction and decay vertex

e Use silicon microstrip detectors

Measuring momentum and charge

e Deflection in magnetic field, measure track angles before and after with wire chambers

Measuring type (is it a proton?)
e Measure total energy in calorimeter, calculate mass

e Measure velocity with Cherenkov effect
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Instrumentation

Run: 10439  Event:1000342684
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Instrumentation

Run: 10439  Event:100034284
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Date: 98/10/08 22.59.43
Run: 10439 Spill: 41 Event _in_Spill: 17156 Event: 100034284 Tubes: 63

O

18
Tracks : 16 17 18 19
Morrent a: - 095 +154 +074 -153
Masses: Proton Kaon Pi on El ectron Backgrnd
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PRELIMINARY SELEX Production Comparison
Sample cuts: x,>0.3 and L/0>8

T 600 = a I oI ey e
g A /A =0.1 g C i N /A =01
o L @) 'e) 80 B
400 T T i
62 L &) ()] L
T C T T 60 -
$300 |- 2 S i
0 r 0 L i
200 [ Y0
100 20 =
0 0
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v is/*zw.4 L &0 f D7/D'=1.3 |% | D7/D’=1.2
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“Simple” Method of Particle Identification
Time—of-flight (TOF)

e Put two Scintillation Counters at a known distance

e Measure time difference between the two signals

Good time resolution: 150 psec.

Maximum distance: & 10m (detector), &~ 100 m (beamline).

—> Can measure difference between Kaons and Pions up to a few GeV/c

Also has problem at higher rate and/or multiple particles hitting the same scintillator
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Radiation by Charged Particles

Radiation is emitted by a charge particle if:

1. v > ¢/n: Cherenkov radiation
2. U/cpn = U - n/c changes

(a) |v| changes: Bremsstrahlung
(b) direction of ¢ changes: Synchrotron radiation

(c) n changes: Transition Radiation
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Transition Radiation Detectors (TRD)

Transition Radiation: Reformation of particle field while traveling from
medium with € = €7 to medium with € = €.

Energy of radiation emitted at a single interface

. OéhZQ (wl — CUQ)Q

S =

3 w1 + Wy

a = 1/137, wi, wo plasma frequencies, v = E/mc>*.
Typical values: Air wy; = 0.7eV, polypropylene wy = 20 eV

Spectral and angular dependence of Transition Radiation:

& 2 9 9 ’
dddw  me \y 2+ 92+ wi/w? 2492 + wd/w?

—> Most of radiation in cone with half angle 1/+: forward in particle direction.
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e Large photon energies w > yws =~ 20 — 30 KeV:
large drop of intensity oc v*/w?

e Medium energies yw; < w < Yws:
Logarithmic decrease with w

e Small energies w < yw; =~ 1 KeV:
intensity almost constant

Probability to emit a KeV photon: ~ 1072 = Need
a lot of interfaces: stack of radiator foils.
Consequences:

e Need minimum foil thickness so particle field reaches
new equilibrium

e Transition w; — wy and wy — w; equal =
Interference effects (min and max in fig)

e Equally spaced foils: Interference between
amplitude of different foils

e Finite thickness of foils: re-absorption of
radiation (o< Z°): Low Z materials.

Typical values used in TRDs:
Thickness: 30 pm, distance: 300 pm,

materials: mylar, CHs, carbon fibers, lithium.
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Detection of Transition Radiation
X-rays emitted under small angle to particle track

— X-ray detector sees X-rays and particle dF /dx together.
Typical dE /dx in gas detectors: some KeV/em and Landau distributed
—> Signals from dF /dx and X-ray similar

Detector: Use “thin” MWPC, with Xenon or Krypton, several (10) radiator / chamber units to beat
Landau

Radiator

Chamber (TEC)

(A "l\nmzs Ne
.t RADIATOR\ | 2
A S s 90 % Xe
| w: 200 FOILS |- ‘ T T YT
P TOTAL e
i TR-2-ray A : E mm
R . - " IZ.T;I."—'"H 1l WIRE SPACING
i POLYPROPYLENE <
; nﬁﬁﬂ b %_ssusa WIRES
[ B L1t carnone
o e PLANE
II(X.Q.A‘.A...A - FigLSchmticofandhtor-chmbormod!ﬂOthinﬂth’
- E final design parameters discussed in the text.

Two identification methods: Charge integration, Cluster counting
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ATLAS Transition Radiation Tracker (TRT)

E T T T 11T
o =
= One module of the TRD 3
- -
= el -
€
S E -
5] = =2
2 -
a - 2
m p- B
.— e
g 10"
s E s
© o 3
] -~ !
[ P —
Length: Total 6802 cm||N straws: Total 372032 é " o
2 10
Barrel 148 cm Barrel 52544 < 3 =
End-cap 257 cm End-cap 319488 C l L iis wal el Pe, GCV’CE
H ) s 10 20 % 10
Outer diameter 206 cm||N electronics channels 424576
al 0 doo 20 aoo Ix.CeVic
‘lnnerdiameter 96-128 cm | [Weight ~1500 kg 10 i uuu|3 Lol w1 s
: 4
10° 10 10 10°

Fig. 11. ATLAS Transition Radiation Tracker (TRT) concep- _ _
tual design [2]. Fig. 8. The detected number of the TR photons for different

Lorentz factors [4].
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Cherenkov Radiation

A charged particle with a velocity v larger than the velocity of light in a medium emits light.

1
Angle of emission: cosl.=—— = —
n p n
d’N  «az? 1 az?
Number of photons: B he 1 — (671)2) == <in24.
d°N  2raz®
e sin”“ 6,

First (obvious) application: Threshold Cherenkov Detectors

For fixed momentum and only 2 particles to separate (beam line)

More than 2 particles and /or wider momentum range: Several counters at different thresholds
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Ring Imaging Cherenkov — The Basics

1
cosf,. = ﬂ
L=R/?2
R
r=F-0.=—-0,
2
C\L\W Ny = No- L - sin? 6,

r

0.. Cherenkov angle

Particle Trajecto ryA

(: velocity

n: refractive index

r: Radius of ring on focal surface

R: Radius of curvature of spherical mirror(s)
F: Focal length (F' = R/2)

L: Radiator length (usually L = F)

000
<

* Center of curvature

Parallel particles have the same ring image
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Cherenkov Radiil — Neon Radiator, F= 1000cm
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Short History of RICHes

First Generation: Beginning of 1980’s.
Examples: Omega RICH (WA69, WAS2), E653 RICH.

Second Generation: End-of 80’s beginning of 90’s.
Examples: Upgraded Omega RICH (WA89, WA94), Delphi, SLD-GRID, CERES.

Third Generation: Mid-End 90’s.
Examples: SELEX RICH, Hermes, Hera-B.

New Generation: BaBar-DIRC, PHENIX, CLEO-III, COMPASS
Future: ALICE, LHC-B, BTeV, CKM, ...
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RICH — The Reality

e Center of ring depends on track angle = large detector surface (up to square meters)
e good resolution of photon position = large number of “pixels” (up to 100000 or more)

e Spectrum of Cherenkov photons
dN 2ra .,
= Lsin“ 0,

dA A?

—> Ultraviolet
e refractive index n = n(A) = Chromatic dispersion
e Detection of UV-photons: convert photon in electron (photoeffect)

1. small (up to a few thousand) number of pixels: Photomultipliers

2. large number of pixels or area: Time Expansion Chambers with TEA or TMAE
e When using TEC: particle pass through the chambers: dE/dx

e When using TEC: response (memory) time limit rate
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RICH — The Reality

e Center of ring depends on track angle = large detector surface (up to square meters)
e ¢ood resolution of photon position = large number of “pixels” (up to 100000 or more)

e Spectrum of Cherenkov photons
dN 2ra .,
= Lsin“ 0,

dA A?

—> Ultraviolet
e refractive index n = n(A) = Chromatic dispersion
e Detection of UV-photons: convert photon in electron (photoeffect)

1. small (up to a few thousand) number of pixels: Photomultipliers

2. large number of pixels or area: Time Expansion Chambers with TEA or TMAE
e When using TEC: particle pass through the chambers: dE/dx

e When using TEC: response (memory) time limit rate
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RICH — The Reality

e Center of ring depends on track angle = large detector surface (square meters)
e good resolution of photon position == large number of “pixels” (100000)

e Spectrum of Cherenkov photons
dN 27a =
= Lsin“ 0,

dA A?

—> Ultraviolet
e Refractive index n = n(\) = Chromatic dispersion
e Detection of UV-photons: convert photon in electron (photoeffect)

1. small (up to a few thousand) number of pixels: Photomultipliers

2. large number of pixels or area: Time Expansion Chambers with TEA or TMAE
e When using TEC: particle pass through the chambers: dE/dx

e When using TEC: response (memory) time limit rate
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RICH — The Reality

e Center of ring depends on track angle = large detector surface
e good resolution of photon position = large number of “pixels” (100000)

e Spectrum of Cherenkov photons
dN 27a .,
TRt L sin 6.

— Ultraviolet
e refractive index n = n(\) = Chromatic dispersion
e Detection of UV-photons: convert photon in electron (photoeffect)
1. small (up to a few thousand) number of pixels: Photomultipliers
2. large number of pixels or area: Time Expansion Chambers with TEA or TMAE
e When using TEC: particle pass through the chambers: dE/dx

e When using TEC: response (memory) time limit rate
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Figure 13: Photon transmission and photoionisation quantum efficiency for various
SR-ID materialy a I:unction of photon energy in the UV range, (Reproduced from
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RICH — The Reality

e Center of ring depends on track angle = large detector surface
e good resolution of photon position = large number of “pixels” (100000)

e Spectrum of Cherenkov photons
dN 27a .,
OBt L sin 6.

— Ultraviolet
e refractive index n = n(\) = Chromatic dispersion
e Detection of UV-photons: convert photon in electron (photoeffect)
1. small (up to a few thousand) number of pixels: Photomultipliers
2. large number of pixels or area: Time Expansion Chambers with TEA or TMAE
e When using TEC: particle pass through the chambers: dE/dx

e When using TEC: response (memory) time limit rate
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First RICH Example: The Omega RICH
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WAR9: A Hyperon Beam Experiment at the CERN-SPS Using the Omega Facility
Bologna Univ./INFN, CERN, Genoa Univ./INFN Grenoble Univ./IN2P3, Heidelberg MPI, Heidelberg Univ., Mainz
Univ., Moscow Lebedev Phys. Inst.

Bologna
A. Forino, R. Gessaroli, P Mazzanti, A. Quareni-Vignudelli, F. Viaggi

CERN
F. Antinori, W. Beusch, J.P. Dufey, B.R. French, P. Grafstrom

Genoa Univ./INFN
M. Dameri, R.B. Hurst, B. Osculati, L. Rossi, G. Tomasini

Grenoble Univ./IN2P3
D. Barberis, C. Bérat, M. Buénerd, F. Charignon, J. Chauvin, J.T. Hostachy, Ph. Martin,
M. Rey—Campagnolle, R. Touillon

Heidelberg MPIfK
E. Albertson, K.-H. Brenzinger, W. Briickner, F. Dropmann, S.G. Gerassimov, M. Godbersen,
T. Kallakowsy, R. Michaels, S. Paul, B. Povh, K. Rohrich, A. Trombini, A. Wenzel, R. Werding

Heidelberg Univ.
J. Engelfried, F. Faller, J. Heintze, S. Kluth, S. Ljungfelt, P. Lennert, K. Martens, H. Rieseberg,
H.-W. Siebert, A. Simon, G. Wilder

Mainz Univ., Inst. of Nucl. Physics
E. Chudakov, U. Miiller, G. Rosner, H. Rudolf, B. Volkemer, Th. Walcher

Moscow Lebedev Phys. Inst.
M.I. Adamovich, Yu.A. Alexandrov, S.P. Kharlamov, L.N. Malinina, N.G. Peresadko, M.V. Zavertyaev

RICH Group
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Particle Identification Algorithm

e only discrete particle masses: e, u, m, I, p, X, etc.

e Track parameter and momentum known
—> (Calculate ring radius for each hypothesis

e “Compare” measured and expected rings for each hypothesis with a maximum likelihood method

e for identification, make cuts on likelihood ratios

published in:
U.Miiller, J.Engelfried et al.:

Particle identification with the RICH detector in experiment WAS9 at CERN.
Nucl. Instr. Meth. A 343 (1994) 279-283.
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Second RICH Example: The SELEX RICH
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The SELEX phototube RICH detector
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Abstract

In this article, construction, operation, and performance of the RICH detector of Fermilab experiment 781 (SELEX)
are described. The detector utilizes a matrix of 2848 phototubes for the photocathode to detect Cherenkov photons
generated in a 10 m neon radiator. For the central region an N, of 104 cm ™!, corresponding to 13.6 hits ona f = 1 ring,
was obtained. The ring radius resolution measured is 1.6%. © 1999 Published by Elsevier Science B.V. All rights

reserved.

1. Introduction

The Fermilab experiment E781 (SELEX): a seg-
mented large xy Baryon spectrometer [1,2], which
took data in the 1996/1997 fixed target run at
Fermilab, is designed to perform high statistics
studies of production mechanisms and decay phys-

2nd Latin American School

* Corresponding author. Now at Instituto de Fisica, Univer-
sidad Autonoma de San Luis Potosi, Manuel Nava # 6, Zona

ics of charmed baryons such as X, &, Q. and A..
The physics goals of the experiment require good
charged particle identification to look for the differ-
ent baryon decay modes. One must be able to
separate m, K and p over a wide momentum range
when looking for charmed baryon decays like
A -»pK rn™.

A RICH [3] detector with a 2848 phototube

of HighhBnseavhddesigbray has been condtrgerddSpaMjsusiRegla 1-14Jun03. 137

do this. The detector begins about 16 m down-
stream of the charm production target, with two



SELEX RICH Vessel and Gas System

Phototube
Array
\ [

Beam
>
Beam /
Window
jm ? Mirror
f=10m
Vessel: 10.3m long Filling:
2.4m diameter (50 m?) e purge with COs (= 1 day)

Clas: Neon @ 1 atm e freeze out COs, replace with Ne

. e remove remaining Og and water
closed volume (= constant refractive index) &2

e started with 3 ppm O,
e after 15 months: (20 & 12) ppm
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SELEX RICH Mirrors

Spherical, nominal 20 m Radius e Mounting

16 hexagonal mirrors, 46 cm tip to tip ~ 3 point mount

— Ball bearing, double differential screw

e (lass — Honeycomb panel with carbon fiber matrix

— low expansion glass (Schott Tempax),
10 mm thick.

— Polished to 19.82m 4+ 5 cm

— Measured with Ronchi Method
(NIMA 369 (1996) 69-78)

e Alignment

— Theodolite with Laser in Center of Curvature

e Coating — Vessel movable on wheels lateral to beam

— Aluminum, with MgFs overcoating
(Acton)

— Reflectivity > 85 % at 160 nm
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NUCLEAR
INSTRUMENTS
& METHODS
IN PHYSICS
RESEARCH

Section A

Muclear Enairugnents and Mothouds s Phasics Hescpioh & 309 1 1996 o9 55

A methed to evaluate mirrors for Cherenkov counters

Linda Stutte™, Fargen Engelfned. James Kilmer
Lermu Manengl Aceelerator Loborgeos’, PO3 Bz S0, oo 18 MBI 1354
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SELEX RICH Photon Detection

e Photomultiplier Holder
— Aluminum plate, 2848 (89 x 32) holes

— individual quartz windows as gas seal

— aluminized mylar Winston cones

e Photomultipliers

— % diameter, Photocathode 10 mm

— 608 Hamamatsu R760

— 2240 FEUGO (with wavelength shifter)

— all PM measured to find operating voltage

— groups of 32 run on same HV

Instrumentation

2nd Latin American School of High Energy Physics

e High Voltage

— Operating Voltage 900 V...1900 V
— 6 HV Supplies
— Zener Box (& la ”Berkeley Cow™), 96 outputs

e Crates with Hybrid Chips

— Hybrids contain Amplifier, Discriminator, diff.
ECL Driver

e Readout: CROS PWC System

— Integration time 170 nsec
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“loem Aluminum/HOLDER PLATE

Aluminized Mylar CONE

e

Mylar RING

linch Quartz WINDOW
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SELEX RICH PM Box

Crate
Signal

cables

Photomultiplier
box

I

HV wires

Beam

Flat cables to
Readout system

U

| E—

Holderplate

H— Phototube

Phototube base

Ground
wires

Cold Air

25cm

2nd Latin American School of High Energy Physics

Jirgen@SanMiguelRegla 1-14Jun03. 148



Instrumentation 2nd Latin American School of High Energy Physics Jiirgen@SanMiguelRegla 1-14Jun03. 149




Instrumentation liguelRegla 1-14Jun03. 150



-14Jun03. 151




-14Jun03. 152




SELEX RICH Separation

Momentum of particles: 95GeV/c — 105 GeV /¢

80
70
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40
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20
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g, = 0.156cm

10 10.5 11 11.5 12 12.5 13
[cm]
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Ring Radius

Instrumentation 2nd Latin American School of High Energy Physics Jiirgen@SanMiguelRegla 1-14Jun03. 153



SELEX RICH Efficiency — Protons
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A Current RICH: DIRC at BaBar
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17.25 mm Thickness
(35.00 mm Width)
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DIRC at BaBar

Detection of internally reflected Cherenkov light
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:
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Quartz Bar Box
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DIRC at BaBar — Performance

T T ] ]
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Future in RICH and México: CKM RICHes
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Future Use: CKM

Will use 2 RICHes to really measure velocity. Particle ID comes for free.

HH‘HH‘\H ‘HH‘HH‘HH‘HH‘HH‘HH‘\H\

6r/r=5%

O
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How Gaussian is the response?

A Study with SELEX single beam tracks

SELEX Standard Algorithm

108 ¢ 5
g ¥’ /ndf307.9 /159
C P1 0.1508E+07 £ 0.1530E+4+05
i P2 11.50 & 0.1507E-02
5 P3 0.47154& 0.5356E-03
107 P4 0.3025E+06 + 0.1492E+05
F /Pi\ 11.47 £ 0.57/8E-02
- ) 0.4670+ 0.3923E-02 Ty
I Standalone Pattern recognition
104
- 21070 Events 0.1027E+08
[ O 6 Mean 0.1203E-01
; 10 i3 1.013
107 107
L AF
r 10 "¢
L 3i
5 10 ¢
10 o
10 “¢

" -10 -8 -6 -4 -2 0 2 4 6 8 10
Standard Deviations

12.5 13
Ring Radius [em]

5 HH‘

Cirfit Ring Radius

Gaussian over nearly 5 orders of magnitude!
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Involvement of San Luis Potosi Group in CKM

e Design work on Kaon and Pion RICH

e Mechanical parts for CKM RICH Prototype

e Monte Carlo studies (experiments, RICH detectors)
e Construction of flat, thin mirror for Kaon RICH

e Tests and Classifications of Photomultipliers

e (Maybe:) Supervision of spherical mirror production for Kaon and Pion RICH (in Mexico?)
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Summary Particle Identification

e Particle Identification (for charged particles) usually measures the velocity of the particle,
identification is combined with the already known momentum.

e Transition Radiation Detectors mostly used in beamlines, but also to measure decay products (mostly
electron—pion separation)

e Cherenkov effect is used in Threshold Cherenkov Counters
e Cherenkov effect is used in RICH detectors

e RICHes are an established standard detector now, and have a bright future.
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Summary Particle Identification (cont.)

tracking Cherenkov counters electromagn. hadron muon
chamber n, < N, < ng calorimeter calorimeter chambers
<
— <
XXOOOOOXK |~ ~ 2 i x/<//
o Ead S A e
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That’s it.....
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Conclusion and Reminder what we have seen

e Second Part: Basic detector designs

e [irst Part: Physics of Particle Detection — Gaseous detectors (wire chambers)
— Interaction of Charged Particles — Silicon Microstrips
x Jonization, scintillation, Cherenkov and — Calorimeters
Transition Radiation ~ Electronics

* Bremsstrahlung and nuclear interactions ~ Simulation

— Interaction of Neutral Particles

« photons: photoelectric effect,

Compt tteri ir producti
OIPLON scatiCrillg, pall production e Third Part: Particle Identification

* neutrons

£ newtrinos — Involves lot of instrumentation
— Electromagnetic Showers ~ RICHes are established
_ Hadron Showers — Instrumentation can be done

in Latin America
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